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IN m TUNNELS

SUMMARY

A brief nmwnathematkl outline i-sghen of modern
views a8 to the nature of the efect of iurbufence, and their
bearing on the desirability of designing m“nd hmefa for
small or Lm’geturbulence. likperiments made on a par-
hkukr wind tunnel for the purpose of reducing the tur-
bulence are described, to i.llu.drate tb irgluenze of certain
factors on the magnitude of the twbulence. Moderate
changes in the sise, 8hupe, and wall thicknew of cells
of the honeycamb uxre found to hare little e~ect. T7ie
addition of a mom honeycomb at the entrance UXMalso of
Me calue in redw”ng the turbufenoe. T7Mturbulemx
decreuaed un”ih increasing didance between the iwney-
oomb and the measuring station. Afurther decreaae w
obtained by using a large area reduction in the entrance
COU,with the himeycomb at the etireme entrance end.

The measurements of turbulence uwe de by the we
of spheree and also by the we of th hot wire anemometer
a~ dtxctibed in Refwence 6. The present work was con-
ducted with the cooperation and $nanciai awistance of
the National Adoisory Commiitee for Aeronuutim.

INTRODUCTION

The subject of turbulence is one of great interest in
the field of aerodynamics, and many investigations are
in progress in the aerodynamical laboratories of the
world on various aspects of the subject. The recent
international cooperative measurements inaugurated
under the auspices of the National Physical Labora-
to~ of Great Britain have shown that turbulence is a
factor of considerable importance in determiningg the
forces acting on bodies in an air stream, and the chief
question of the day is whether it. is desirable h have
large or small turbuknoe in wind tunnels.

The recognition of the effect of turbuIenoe in wind
tunneI experiments came about somewhat as follows:
Abcmt the year 1911, Etiel (reference 1] measured the
air reeistanoe of a sphere in his newIy constructed
wfnd tunnel and pubIished the vaIue of the resistuoe
coefficient as 0.18.1 A year Iater, F6ppl of the Aero-
dynamic Institute at CMttingen (reference z), in a
comparison of resuhs with the EMel Laboratory,

1~ waEMenta~ti & W titidadby tbe rmdnot c1arm-wMoml
areaand velocItypresnm .

stated that EifM’s published value was obviousIy in
error, prcbabIy a misprint, and that the true vahe was
0.44 or nearIy three times as great. EMel replied that
the published value was correct and made further
experiments on spherasof different diametars at seved
wind speeds which showed certain anomalous features,
now familiar to students of aerodynamics.

The fit CIuet.a the expkmation of the discrepancy
was given by Wieselsberger (referenee 3) who showed
that he cnuld obtain rwdts in the Ckttingen wind
tunnel SimiIarto those obtained by EMeI. He aooom-
plished this by producing a disturbance ahead of the ._
sphere by placing an open-mesh screen across the air
stream in front of the sphere, or by pIacing &wire ring
on the surface of the sphere in a pIane perpendicular
h the wind direction. By these and numerous other
experiments it has been Wablishecl that the air re&st-
ance of a sphere depends not onIy on the diameter of
the sphere, the speed, density, and visocsity of the air
but also cm the turbulence of thq air strem.

bother type of body for which wideIy varying readts
have been obtained in diilerent wind tunnek is the
streamlinebodyexemplMedby thea.irpIanestrutand the
airship hull. VaIues obtained at the National Physical
Laboratory for the rbtance of streamline bodies
appeared to be on a lower Ievsl than values obtained
at the wind tunnel of the Washington Navy Yard, and
the nature of the soale effect was quite difkent. In
1923 the National Physical Laboratory began the
circulation of two airship models for mmparative tests
in a Iarge number of the wind tunqels of the worId.
The results in the United States wind tunneIs (refer- .
ence 4) show variations of 50 per cent from a mean
vaIue and it has rece.dy been shown by experiment
(reference 5) that these differences are due b differ-
ences in the turbulence of the seved wind tunnels.

While these two exampks ikstrate the large effects
of turbulence in wind tunnel experiments, the dis-
covery of the eftect itself is much oIder. Osborne
ReynoIds (reference 6), in his study of flow in pipes,
records the fit observations of the effect. For a
suf%ciently amaJI Reynolds Number (product of the
mean speed by the diameter divided by the kinematic
viscosity}, the flow in a pipe is Iarninarand takes place
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in accordance with the laws of hydrodynamics for the
steady flow of a viscous liquid, At large ReynoIds
Numbers, the flow is eddying and the movements of
finite ‘tmolar” masses of the fluid as well as move-
m6mt9 of single molec@es transfer momentum from
one layer of the fluid to another. In a definite experi-
mental arrangement, the transition from one n$gime
of flow M the other occuxs at a definite value of the
Reynolds Number, irrespective of the individual vrdues
of the speed, diameter of the pipe, and wiscosity and
density of the fluid. men a“ disturbance (turbu-
lence) is present in the incoming flow, the value of the
critical Reynolds Number is found to depend on the
magnitude of the disturbance, decreasing as the tur-
bulence increases until a certain Iower limit is reached,
beyond which further increase of turbulence has little
effect. The turbulence in the incoming flow may be
produced by objects pIaced near the entrance of the
pipe, by honeycombs across the pipe, or by the shape
of the entrance itself. The resistance coefllcient of a
pipe is a function of the turbulence as well as of the
Reynolds Number, and for a certain range of Rey-
nolds Numbers the effect is very large indeed.

The information now available on the effect of
turbulence cleara up many puzzling discrepancies in
wind tunnel results, and indicates that no standardiza-
tion of wind tunnels can result until a standard value
of the turbulence is adopted and methods are known
for controlling the turbulence in a given wind tunnel.
The title of this paper suggests that the turbulence
in wind tunneIs should be as smaIl as possibIe, a view
that is not at all unanimously accepted, and the
object of this paper is to present the arguments for
and against this view and to indicate by experiments
on a particular wind tunnel how a small turbulence
may bo secured.

The turbulence in a given wind tunnel has far-
-reachingeffects on the results of measurements made
in that tunnel. Not only will the value of the force
coefficients at a given ReynoIds Number be dependent
on the value of the turbulence, but the whole nature
of the variation of the force coefficient with Reynolds
Number (i. e., the scale effect curve), on which the
extrapolation to full scale depends, is governed by the
amount of the turbulence. As is well known, the
scale effect on an airship model in a wind tunnel of
large turbulence shows a coefficient decreasing as the
Reynolds Number increases, whereas in a tunneI of
smalI turbulence the coeflkient is much lower and
usuaIIy increases with increasing Reynolds Number
at the higher ReynoIda Numbers. WhiIe the ei7ecta
of turbulence are large only for certain types of bodies,
it is reasonably certain that an effect is present in all
cases, although often its magnitude is extremely small.
Under these circumstances the importance of know-
ing the vaIue of the turbulence in every wind tunnel
experiment is obvious.

COMMXTI’EE FOR AERONAUTICS

I

1

I

i

Modern views as to the nature of the effect of tur-
bulence,-As a background for the diecussiol~of tho
reIative advantages and disadvantages of having small _
or large turbulence in wind tunnels, it is neccssa~
to outline briefly the modern ccpception of the nature
of @e effect of turbulence. The views here pre-
sented hardly have the status of a welldevclopod
theory, and some of the detaik may be subject to
controvemy. The outline, however, is believed to be
substantially correct, and represents a ccm’bination
of the contributions of many investigators including
I?rari.dti,von K6rm6n, Burgers, and others.

The starting point is the bounda~ layer theory of
Pra@l It had long been noted that in a large part
of the field of flow of air or water at Inoderately largo
ReygoMs Numbers, the dissipation of energy is negligi-
ble and therefore that the effects of the viscosity of tho
fluid are negligible. There must, however, be some_
effect of viscosity on the flow, else there would be no
drag. It occurred ta Prandtl to assume that the
effects of viscosity are cotied to a thin layer or
skin close to the surface of the body and tQintrcduce
this amunption in the genmd qudiom of motion
of ~iscous fluid. The result is a se.ricsof equations
giving &e velocity distribution in the Iaycr, tho
thickness of the layer or equivalent parameter, and
the skin friction on the surface when th pressure
distribution along the body is known. The results
of t~@ thqmy have bee; abundardy cor&med by
experhnent for parts of the layer not too far from tho
point-of origin at ~e nose or lead@ e~e of the”body,

Two phenomena intervene to make the formulas
invalid for the entire boundary layer. The first is tho
phenomenon of separation, which takes pIace when tlm
pressure outside the Iayer increases downsttroam,
The fluid particles near the wall are dragged along by
the friction of the neighboring particles but are re-
tarded by the pressure. As tho boundary Iayor
thickeDs the retarding effect becomes predominant
and fhlly causes a reversal of the flow. The reverd
of flow, on account of the consequent accumulation
of fluid, separates the flow from the surface, as observed
on cylinders, and on airfoils at-large angles of attuck.
The onset of separation is predicted by the equations
of Prandtl, but the phenomena following tho occur-
rence of separation introduce wide depmturcs from
the assumptions on which Prandtl’s equations are
derived.

The second phenomenon not contemplated in the
basic assumptions is the onset of eddying flow in tho
boundary layer. The flow described by Prandtl’s
equations is laminar. Momentum is transferred from
one layer to another by the motions of single molecules
whose total effect is integrated in the viscosity ccef-
ihient. The experiments of Burgers and his pupil
v, d, Hegge Zijnen show that the flow becomes eddying
and that so long as the turbulence of the approaching



REDUC’I?1OK OF TURBUZEWE IN WIND ‘17JNNEM 559

stream is not altered, the transition occurs when the
Reynolda Number formed from the speed at the
outaide of the boundary Iayer and the thicknma of
the boundary layer reaches a certain critical value.
The critical vahe depends, however, on the tur-
bulence of the approaching stream, decre~a as the
turbulence increases.

The onset of eddying flow in the boundary layer, if
occurring before separation of the layer, modifies the
process of separation. In the eddying motion there
is a more thorough mixing of the air particles, and the
driving action of the outer layera on the inner layers
(near the surface of the body) is greater. The air
in the boundary layer is thus enabled to flow farther “
against an adverse pressure gradient and the process
of separation is delayed. The delayed separation
produced by the eddying motion in the bound~
layer is responsible for the great variation of the drag
coef%cient of spheres and cylinders in the critical
r~”on. ‘I’he hastening of the onset of eddying flow
in the bound~ layer is responeible for the effect of
turbulence on the air resistance of spheres.

The preceding matters are presented in a more tech-
nical manner in reference 6, which includes a detailed
application to spheres and airship mcdels. It should
be stated here that the mechanism of the breakdown of
the laminar boundary layer and of the effect of tur-
bulence is not yet fully understood. The author
believes that the mechanism is essentially the same as
that occurring in the phenomenon of separation, and
that the breakdown woidd not occu if there were no
fluctuation of the air speed at the edge of the bound~
layer. The obsermd fluctuations of speed at a fied
point may ,be taken as an indication that at any one
time there are variations of speed along the outer edge
of the boundary layer. TWh the speed variations
there mill be associated variations of pressure, and in
the regions where the speed is decreasing, the pressure
wilI be increasing. The magnitude of the pressure
gradient depends on the amplitude and frequency of
the speed fluctuations, increas~m as either increases.
At a sufficient distance from the leading edge, the
thickness of the boundary layer will be such that there
w-N be a rerersal of the direction of flow near the sur-
face in those places where the pressure is increasing
downstream. Larger speed fluctuations b& larger
prcseure gradients and an earlier reversal of flow. It
seems very probable that such a reversa~ would give
rise to the formation of eddies. This theory has not
as yet been subjected to any mathematical check, and
will be discussed in another paper.

Is SW turbuIenoe desirable?-In the Iight of this
conception of the action of turldence, the quMion
arisesas to the amount of turbtdence that is most k be
desired in wind tunnel experiments. At the Imge
Reynolds Numbers encountered in fuWcaIe s@$anes
and airships, the flow in the boundary layer is bound to

be eddying over most of the body since the critical
ReynoMa Number is reached at a comparatively short
distance from the nose. In wind-tunnel experiments,
the ilow in the boundary layer is IikeIy to be laminar
over most of the surface, especidy if the turbulence is
smd. This difference in the character of the flow in
the boundary layer often gives rise ta large diiIerencee
between force coefficients observed for the model and
for the full-scale body. For example, the angle of
attack at which burbling (i. e. separation) occurs on
airfoils, especially thick airfoils, is often much smder
for the model.

The fit suggestion which occurs ta anyone receiving
this information for the first time is to build wind
tunneIe with a high degree of turbulence, so that eddy-
ing flow will be estab~hed throughout most of the
boundary layer. It is assumed that this procedure will
give at small Reynolds Numbers a flow more like the
flow of a nonturbulent air stream at large Reynolds
Numbers than is the flow which is obtained at the same
small Reynolds hTumberawith small turbulence. Or
it may be argued that turbdenca is always present in
the atmosphere and that this condition should be
represented in the model experiments. It has been
claimed for several wind tunnels that the turbulence in
them is exactly that of the atmosphere, because of the
agreement of extrapolated model coefficients with full-
scale coefficients in a few cases. This is a specious
argument, for the turhdence in the atmosphere is a
highly variable quantity, and at any one place is
different at d&rent times. Furthermore, because of
the effect of turbulence on the form of the “scale-
tiect” curve, it is possible to obtain the same extra-
polated full+cale value from model valu= obserred
in different wind tunnels, even when the model values
differ widely. For example, if the drag of an airship
model is measured in a highly turbulent wind tunnel,
the drag coefficient wilI be found to decrease with
increasing Reynolds Number, and the extrapolated
vaIue for the full-scale Reynolds Number wiII be con-
siderably lower than any of the measured vahms. If
the drag of the same model is measured in a wind tunnel
with small turbulence, the ~m coefficient will be found
to be lower than in the highly turbulent wind tunnel
and the variation with Reynolds Number wiUbe small.
The full-male value wilI then be assumed the same as
the measured value, and it may happen that this value
agreas closeIy with the full-scale value extrapolated
from the turbulent wind-tunnel observations.

The argument for the use of wind tunrda with large
turbulence is based on a great aimplitlcation of the
actual phenomena, a simplification which is helpful
at the beginning of a study of the problem, and is useful
to nontecbnicaI readers, but which often leads to
misunderstanding. The worda “Iaminar” and “eddy-
ing” we Wed to dieting@h between two general types
of flow as rough classifications, but all’( eddying” flows
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are not identical; furthermore, different parts of one
and the same boundary layer having eddying flow are
not identical. The skin friction per unit area, the
thicknem, and the velocity distribution vary from
point to point. The cl-cation of flows into laminar
and eddying is only a very rough and general classi-
fication; there is always a transition region between
the two, in which the flow can not be unambiguously
assigned to either classtication. Thus while in a very
general way, an increase in turbulence has an effect
similar to the effect of an increase of Reynolds Number,
a detailed examination (see for example reference 6)
shows that the resemblance is only superficial.

Wieselsberger (reference 7) presents the arguments
for a small turbtience as fo~ows. “It has not yet
been definitely ascertained as to whether, in the case of
experiments with models, the turbulence is an advan-
tage under all circumstances and has the same effect
as the increasing of the Reynolds Number, since the
information on this subject is still (1925) insufEcient.
It is quite conceivable, however (and this possibility
must be taken into account), that, in certain cases, the
air stream is affected by the turbulence in quite a
difhrent and perhaps undesi.rable manner. Besides,
we often have to” test in the wind tunnel full-scale
objects, such as radiators, spars, and landing gear
parts. In theso cases, a turbulent stream would give
a wrong idea of the actual relations. A turbulence-free
air stream is aIso necessary for testing and calibrating
instruments (for example, air+peed meters). Lastly,
it may be remarked that a nonturbulent flow is very
easily rendered turbuIent to any desired degree by the
interposition of a. screen of wire or thread, if required
for certain experiments, while the reveme is not so
easiIy accomplished. We see, therefore, that the
preference must unquestionably be given a wind tunnel
with as smooth an air flow as po~ible.”

Little needs to be added to this clear statement. It
emphasizes again that turbulence is an important
factor, whose value needs to be known. The adoption
of emall turbulence as an ideaI to be sought in the
design of wind tunnels does not preclude the possi-
bility and desirability in many cayw of carrying on
experiments with a large turbulence.

The measurement of turbulence,-In the preced-
ing discussion the word turbulence has been used,
without precise definition, in the general sense of any
deyarture from the ideal conditions of steady and uni-
form flow. In the absence of more complete knowl-
edge of the mechanism of the breakdowm of laminar
flow and the onset of eddying flow, no completely
satisfactory definition can be given. At any point in
the air stream, the speed varies with the time in a very
irregular manner, about some mean value, V. At any
instant the speed diffem from the mean value by an
amount AV, which varies from instant to instant.

CO~~EJ!l FOR AERONAUTICS

Let UKform the average value, dV, taken without
regard to sign, in accordance with the definition

‘v”dTm

where t is the time and T is a time interval whid is
large in comparison with the period of the fluctuations
of speed. dV is nothing more than a particular kind
of average value of the deviation of the speed from

2
its mean wdue, V; 1/2 p ~ p being the density of the
air, is the amount by which the kinetic energy of the
air exceeds what it would have been had the velocity
been c~nstant and of value V. In reference 5, tho

quantity $V was dethed as the turbulence, and it was

shown that the forces on spheres and streamline modeIs
can b6 correlated with its value.

Frequency, cyctes per seca-xi

FrGUIMl.—ReJatJveseneltlvftyof hot-wireanemometerto perbdiomrfetloneIn
sm. Tkecntvwapplyto theappemtnsdesorihedin N. A. 0. A. TwImlcnl
=Pflrt No. W, endtheoneof elilefM@rWtL9that lebded com~td. The
Iwpmnost ourvefndfoeteathek-sedueta distitlonfntheamf’ihler:theremalnfr.w
W Isduetodefeotaof thecompensetfnsclmnk Thelower cnrYe showe them-
spmmwhennomm~tIon Isfntrodrmad

The turbulence was measured by a hot-wire ane-
mometer and associated apparatus. The eensit.ivity
of such apparatus to variations in speed is constant
up to a frequency of 100 per second, and then decreases
rapidly, somewhat as shown in Eigure 1. (Conseq-
uently, when used in a stream containing variations
of widely difkmt frequencies, its indications rofcr
mainly to the variations having the lower frequencies,)
This curve was determined by the method of refer-
ence &.

The considerations at the end of the section on
‘(Modern views as to the nature of the effect of tur-
bulence” lead to the conclusion that fluctuations of
high frequency are more eflective in causing breakdown
of the laminar flow than are those of low frequency, and
it has been suggested by other investigators that the
frequencies of importance are much higher than 100
cycles per second. The correlation of the forco
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measurmmnts with the mean ampIitude of fluctuation
as measured is, then, to be regarded as indicating
merely that both the forces and the mean amplitude of
low frequency fluctuations vary with the “refd”
turbulence. This interpretation may be the correct
one. As yet, we have no experimental evidence for or
against it. Experiment are now in progress at the
Bureau of Standards, and also in Holland (reference
s), in an attempt to extend the frequency range
and to determine the “spectraI distribution” of the
fluctuations.

Measurements on spheres ha~e often been used as a
qualitative method for the comparison of the tur-
bulence in different wind tunnels. It was suggested
in refmence 5 that sphere results be expressed by
giving the Reyuolds Number for which the drag
coefficient of the sphere is 0.3. For the experhnentaI
work to be described in this paper, both methods of
measuring turbulence have been used, namely, the
sphere method, and that of the hot-wire anemometer.

Description of wind tunnel snd modifications.-The
particular wind tunnel selected for experiments on
the reduction of turbulence was the 54-inch wind
tunnel of the Bureau of Standards, which was known
to have a fairly huge tmrbuIence. When the measur~
ments were begun, the tunnel was in the condition
described in reference 5 and as shown in arrange-
ment No. 1 on Figure 2. The features to be noted are
the relatively small and abrupt area reduction in the
entrance cone and the presence of an upstream honey-
comb in the straight portion of the tunnel. In ar-
rangement No. 2 a honeycomb of paper tub= 1 inch
in diameter and 4 inchw Iong was instslkd in the mom
cIose to the tund inlet. This honeycomb was a
duplicate of the one aIready in place at the exit end.
In arrangement No. 3 the upstream honeycomb in
the straight portion of the tunnel was removed. In
arrangement hTo.4 an upstream honeycomb of round
tubes of galvanized iron 3 inches in diameter and 12
inches long was installed as far upstresm as practicable.
In arrangement No. 5 the upstream honeycomb of
3-inch round cells was removed and replaced by a
honeycomb made of paper tubes 1 inch in diameter and
4 inches long. In arrangement No. 6 the entrance
cone was completely rebuiIt. The entrance was made
octagonal in cross section, 10 feet between opposite
faces, and a honeycomb of 4-inch square cds, 12
inches low was pIaced immediately at the entrance.
The entrance was pIa&d in the plane of the room
honeycomb already in place. It will be noted that
the diilerences between arrangements 1, 2, 3, 4, and
5 are in the honeycombs aIone, whereas arrangement
No. 6 is a radical change in the form of the entrance
cone.

RESULTS

The drag of a sphere was measured for a number of
air speeds at each of the positions designated as up-

stream, working section, and downstream in Figure 2,
except for srrugement No. 3 where ordy the up-
stream and downstream rune were made. For sx-
rbgements 1, 2, 4, and 5 a 5-inch sphere was used,
whereas for arrangements 3 and 6 a sphere 8.6 inches
in diameter was used. The smneexperimentalarrange-
ment was used for both spher=, namely, that shown in
Fiie 4 of reference 5 for the 8.6-inch sphere, a
downstream spindle suspended by 4 wires arranged in
2 V’s, with a shieIded connterwe&ht from a fifth wire.
The drag was computed from the downstream deflec-
tion of the system and the weight. The drag of the
spindle was measured with the sphere detached but
supported in frontt of the spindle. The results are
qr~ed in the usuaI memner as a plot of the C@
CO~CieIIt, CA, against hi? logarithm to base 10 of
the Reynolds Number, R.

0.=
F

TD21—.~ ~Pv’

where F is the drag force, D the diameter of the
sphere, V the air speed, P the deusity of the air, and F
the kinematic viscosity of the air. The results for the
six arrangements me given in Figur= 3 to 8, inclusive.

R was suggested in reference 5 that the critiwd
Reynolds N’umber for a sphere be defined as the value
of the Reynolds Number at which the drag coefficient
is 0.3. The values so obtained from the curves shown
in Figures 3 to 8 are given in Table I.

Table I aIso contains the turbulence as measured
by the hot+vire anemometer. The VSIU= given are
the mean fluctuation of the speed at a given point
expssed as a perceniwigeof the mean speed. Each
mdue rep=ents the mean of two or more runs, each
run consisting of observations at 6 i% 10 speeds.
For &ampIe, the vahe for mmmgement 4, upstream, ‘
nameIy, 1.6, is the mean of the following results for
6 rum, 1.67, 1.6S, 1.61, 1.77, 1.28, 1.31. The value
for the fifth run, 1.28, is the mean of the following
VSkeS, 1.55, 1.28, 1.10, 1.27, 1.27, 1.26, 1.45, 1.29,
1.23, 1.22, 1.27, while that for the fourth run, 1.77,
is the mean of 1.64, 1.87, 1.78, 1.86, 1.80, 1.72, 1.75,
and 1.73. As stated in reference 5, the vrducs for a
given run are in generaI more consistent among them-
eeh-esthan the vahms for difkrent runs. The averages
are given onIy to the fit decimal place and it is
believed that they are correct to +0.2.

The information in the table needs to be supple-
mented, especially for mrangements 3 and 5. The
sphere redts apparently indicate that a tunnel
without a honeycomb is the least turbulent. The
observations in Figure 5 do not, however, tell the
complete story. The drag of the sphere varied in
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a very interesting manner, the sphere moving in
jerks from one position of equilibrium to another.
The observations represent the condition prevailing
for the longest time, It is believed that the turbu-
lence is very small in general, but that frequent
disturbance sweep through the tunnel and break
down the laminar flow in the boundary layer of the

3
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FIGUEBO.—RemoldsNumberwha CA for spherek 0.3,M s
functionof the torbolence

sphere. The taking of observations was dif6cult and
time-consuming. The same behavior was indicated
by the hot wire. Here, however, the period of the
apparatus was so great (30 seconds or more) that the
low values were never recorded. The sphera suspen-
sion was such that its period was only a fow seconds,
and the fluctuations cuuld be more accurately observed.
The operation of the tumel in this condition was
found to be impractical.

A great deal of difficulty was also experienced with
arrangement 6 as indicated by the scattering of the
results in Figure 7, Specially for the upstream posi-
tion. The trouble was found to be due in part to
motion of the honeycomb under the action of the
wind. The paper tubes forming the honeycomb were
finally glued together and additional brac~g was pro-
vided but the trouble never disappeared completely.
We mnsider this honeycomb, or any type of honey-
comb wtich changes position or deforms, to be com-
pletely unsatisfactory. The hot w-ire vahe for the
downstream position with this arrangement is con-
sidered unreliable. It is based on a single run taken
just before trouble developwl with the amphiier and
through an oversight no further measurements were
made in this position.

Some of the measurements on arrangement 1 (fig. 3)
also show a huge spread. This arrangement has
always shown a peculiar kind of unsteadiness of flow
in which the speed as recorded by a Pitot tube drops
by several per cent for periods as long as 15 to 30 sec-
onds. Calibration runs have shown individual values
of the ratio of the Pitot+tatic head to the stati~plate
head differing from the mean by as much as 4 per cent
and mean deviations for 15 or 20 readings of as much
as 1.5 ta 2 per cent, so that a large number of runs
bad to be made to secure a precision of 1 per cent.
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This behavior was in marked oontrast to that of
arrangement 6. The fluctuations of the manometers
for arrangement 6 are reduced to a fraction of those
observed for arrangement 1. Maximum deviations in
cfibration runs are rarely as much as 1 per cent, and
mean deviations are onIy 0.3 per cent.

The observations in Table I give new data on tho
calibration of a sphere as an instrument for measuring
turbulence. The data, excluding the points marked
“b,” which have already been discussed, are plottod
in F~e 9, together with the two points for the other
wind tunnels at the Bureau of Standards as given in
refererice 5. All of the points fit a smooth curvo
(.sligh~y different from that of reference 5) within tlw
accura@ claimed for the observations. Six of the
thirteen points are near the estimated maximum deti-
ation @d lend a little support to the view thut tho fre- --
quenc@ of the fluctuations may be of importance.

Thejeffecb of the various modiflcatione on the turbu- ““
lence may be seen from Table I to be as follows: Tho
addition of a room honeycomb at the entrance gave a
measurable but small reduction in turbulence. The
complete removal of the honeycomb gives the hmst
turbulence, but the flolv is subject to temporary dis-
turbances following each other in rapid succession,
which make operation in this condition impractical.
Arrangement 4 gives some reduction, but as shown in
Figure=lO, the reduction is egtirely due to increasing
the distance from the honeycomb. Arrangement 5

1 I 1 1 1 I 1 I ! I

100 I
4 8 12 “16 20 .24

Distome from heyccunb, feet

IRWHU1O.—RWMIWNrmtar when CAforspherels 0.$ as a functtonof cllstwe
fromthe honwcombfor the saved arrawaments

gives results substantially identical with arrangement
4. From F@re 10 it appeam that the value of the
Reynolds Number when U.. for the sphere is 0.3 in
the upstream position of arrangement 4 is somewhat
high, a remdt aIso indioated by the hot-wire value.
Arrangement 6 gives considerable improvement. A
Iarge part of the tiect (at least half) is again due to

.-
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the increased dietance from the honeycomb ss shown
in Figure 10. The remainder@ probably ta be attrib-
uted to the lower initial intensity produced by the
lower speed at the honeycomb.

CONCLUSION

The turbuknce in the Bureau of Standards Winch
wind tunnel at a &ed distance from the honeycomb
was not greatly reduced by modifkationa of the diam-
eter, walI thickness, or shape of the honeycomb celIs
or the addition of a room honeycomb. Working at a
greater distance from the honeycomb or moving the
honeycomb upstream is effective in reducing the tur-
bulence. ‘l%e use of a huge area reduction in the en-
trance cone with the honeycomb in the slow-speed
portion gives an additional reduction of turbulence and
also greatly improves the general operating conditions.
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TABLE I.—REYNOLDS NUMIUZRS WHEN C.4 FOR
SPHERE IS (k3 FOR THE SEVERAL ARRANGE
MENTS IN ORDER OF INCREASINGVALUESOF B
(DECRliASING VALUES OF TURBULENCE).
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